Antiferroelectric (Pb,Nb)(Zr,Sn,Ti)O 3 thin films were deposited via a sol-gel process on LaNiO 3 -coated silicon substrates. Films showed a strong ͑001͒ preferred orientation upon annealing at 500-700°C for 30 min. The dependence of electrical properties on film thickness has been studied, with the emphasis placed on field-induced phase switching from the antiferroelectric to the ferroelectric state. The decrease of film thickness led to an increase of the phase-switching field along with the appearance of remanent polarization. However, the dielectric constant and maximum polarization decreased with the reduction of film thickness. Saturation polarization was 35 C/cm 2 , which is equal to that observed in bulk samples. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1519944͔
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The compositiondependent electric properties of the antiferroelectricferroelectric phase switching [3] [4] [5] as well as the strain and the temperature dependence of the dielectric response have been examined. 4 -6 Most studies have thus far concerned with the deposition of antiferroelectric films on platinum coated silicon wafer substrates. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In general, ferroelectric thin films show smaller polarization, lower dielectric constant, and weaker piezoelectric and pyroelectric properties than the bulk materials of the same composition due to strong clamping effect from the substrate, finer grain size, interfacial layer effect, etc. One way to improve these properties is to choose an appropriate substrate or to use a specially prepared template layer so as to reduce the mismatch strain, to enhance local epitaxy or grain-on-grain growth, and to control the film orientation. In this letter, we present results obtained from sol-gel derived PNZST antiferroelectric films on the LaNiO 3 ͑LNO͒-coated Pt/Ti/SiO 2 /Si substrates. The influence of the LNO oxide template layer on the electrical properties of the PNZST films is examined. LNO was chosen as a template layer because it has perovskite structure similar to the PNZST, good adhesion to the underlying platinum layer, and serving as a conductive oxide bottom electrode. [13] [14] [15] [16] The LNO layer was prepared by magnetron sputtering. Each spin-coated PNZST layer was subsequently heat treated at 400 for 5 min. The coating and heat treatment procedures were repeated several times until reach- For electrical measurements, gold electrode pads of 400 m in diameter were made on top of the PNZST films by thermal evaporation. Electrical properties were measured using an Agilent 4284A LCR meter and a Radiant Technologies Precision Pro ferroelectric tester. The crystalline phase and microstructure of the PNZST were examined by x-ray diffractometer ͑XRD͒ and cross-section transmission electron microscopy ͑TEM͒. Scanning electron microscope was used to determine film thickness and surface morphology. Figure 1 shows the XRD spectra of the PNZST/LNO/Pt/Ti/SiO 2 /Si films annealed at different temperatures. The perovskite phase with preferred ͑001͒ orientation was observed for films annealed at 500°C and above. In comparison, PNZST films deposited on Pt/Ti/SiO 2 /Si substrates without the LNO template layer required a higher annealing temperature ͑600°C for 30 min͒ to form the perovskite single phase. 17 With the LNO template layer a lower crystallization temperature and a higher degree of ͑001͒ preferred orientation were achieved.
A cross-sectional TEM image of a 920-nm-thick PNZST film is shown in Fig. 2 . This sample was heat treated at 700°C for 30 min. Both the LNO and the overlying PNZST layer show a dense and columnar microstructure. The PNZST layer has a larger lateral dimension. The inset in Fig.  2 is a selected area electron diffraction ͑SAED͒ pattern taken from a single columnar grain aligned to the ͓001͔ direction, showing typical antiferroelectric 1/4͕110͖ superlattice spots.
Hysteresis loops ͓polarization versus electric field ( P -E)] of PNZST thin films as a function of film thickness are illustrated in Fig. 3 . All thin films were annealed at 700°C for 30 min. The double hysteresis behavior clearly demonstrates the antiferroelectric nature of PNZST thin films. These films have high dielectric strengths ͑Ͼ1 MV/ cm͒, due to their dense and columnar microstructure. In contrast, an electric field of Ͼ250 kV/cm will normally cause breakdown in bulk PNZST ceramics.
It was found that the switching antiferroelectric ͑AFE͒-ferroelectric ͑FE͒ ͑and vice versa͒ fields in PNZST films are of about 50%-60% smaller than the corresponding values 18 for PbZrO 3 ͑PZ͒ films of similar thickness. This makes the PNZST films more attractive for applications comparing with PZ films since lower field is required. The PNZST films of thickness over ϳ500 nm exhibit complete saturation with vanishing remanent polarization ( P r ). Saturation polarization in these films is about 25-35 C/cm 2 , which is close to that observed in the bulk samples.
It is clear from Fig. 3 that even for the thinnest film ͑170 nm͒ studied in this work the antiferroelectric behavior is evident, but P -E curves become more diffused and the switching phenomenon appears to be less pronounced with decreasing film thickness. On the other hand, as it can be seen from Fig. 4͑a͒ , the magnitude of AFE-FE switching field decreases rapidly with film thickness in a similar way to what we have observed in PZ films. 18 The AFE-FE switching fields were determined from the inflection points from the slopes of P -E curves. The thickness dependence of the remanent polarization ( P r ) is shown in Fig. 4͑b͒ . P r decreases by more than a factor of 10 with thickness changes from 170 to 920 nm. The remanent polarization is about 0.62 C/cm 2 for the thicker films. It turns out that, with decreasing film thickness, there is evidence of diminishing antiferroelectric behavior in favor of ferroelectric ordering. It is hard to say if this change is due to the intrinsic size effect or induced by the increased contribution of interface layers in the case of the thinnest films. Figure 5 shows the dielectric constant as a function of temperature and film thickness. Thicker films ͑Ͼ500 nm͒ display a well-pronounced dielectric peak close to 190°C, but the response of the thinner films is more diffused and has smaller magnitude. With decreasing film thickness the (T) peak becomes broader and shifts to higher temperature ͑see the inset in Fig. 5͒ . The shift in the transition temperature and (T) peak broadening could be attributed to the fine grain structure ͑size effect͒ or the internal residual stress between individual grains, substrate and thin film.
The dielectric constant of PNZST films and polarization versus electric field were investigated in a broad temperature range. The double hysteresis behavior becomes less pronounced with increasing temperature; they eventually transform into a regular ferroelectric P -E curve, though there was a clear indication of dielectric phase transition in PN-ZST thin film into the paraelectric phase ͑Fig. 6͒. A similar phenomenon was also seen in PZ films. 19 A possible explanation for this behavior could be the presence of a diffuse phase transition in the films and the lateral mechanical interaction between the film and substrate that leads to a twodimensional clamping effect of dipoles. 20, 21 In conclusion, a strong ͑001͒ preferred orientation of antiferroelectric PNZST films have been fabricated on LaNiO 3 /Pt/Ti/SiO 2 /Si substrates using a sol-gel process. The saturation polarization of the thin films is close to bulk materials and show square hysteresis loop with near zero remanent polarization. The decrease of film thickness led to an increase of the phase-switching field along with the appearance of remanent polarization. However, the dielectric constant and maximum polarization decreased with the reduction of film thickness.
